by Wilson and Nierhaus, 2003) . The ribosome is a remarkable machine, since it performs translation not only at high speed, incorporating 10-20 amino acids into the nascent chain per second, but also with extreme accuracy, making only one misincorporation for every 
efficiency frameshifting. In the E. coli prfB mRNA, the An In Vitro System for Translation of the prfB Frameshift Window SD-like sequence is located two nucleotides upstream An E. coli in vitro system was established that utilized of the first codon nucleotide of the P site (UGA at the A an enriched synthetase fraction (see Experimental Prosite). Increasing the spacing by even a single nucleotide cedures) to translate mRNAs containing the original sedramatically reduced the efficiency and by two nucleoquence UAU-CUU-UGAC present in the prfB frameshift tides removed all signs of frameshifting (Larsen et al.,
site (see Figure 2A ). In this frameshift window, the stop 1994; Weiss et al., 1987) . Despite these observations, codon UGA is preceded by codons for Leu (CUU) and the mechanism by which the SD-like sequence stimuTyr (UAU), and the frameshift involves the slippage of lates the frameshifting event is not known.
the P site peptidyl-tRNA Leu from the CUU codon in the ϩ1 We have noted that the complementarity between the direction to re-base pair with UUU, allowing the decod-SD-like sequence of the mRNA and the anti-SD seing of the GAC in the A site by Asp-tRNA Asp . In order quence of the 16S rRNA extends into the ribosomal E to test the hypothesis that the SD-anti-SD interaction site. This prompted us to establish an in vitro translation causes release of the deacylated-tRNA from the E site system that allows both the efficiency of frameshifting due to a steric clash with codon-anticodon interaction and the extent of deacylated-tRNA release from the riboof the E-tRNA-mRNA complex, we constructed two difsomal E site to be measured. Our results suggest that ferent mRNAs. The first mRNA (ϩSD) contained the SDthe SD-anti-SD interaction enhances frameshifting by like sequence AGGGGGU found in the original prfB causing the release of the deacylated-tRNA from the mRNA, spaced by two nucleotides from the first position ribosomal E site. Indeed, we could show by monitoring of the P site codon CUU, and thus exhibited the predipeptide formation within a model of the prfB ϩ1 dicted overlap with the first nucleotide of the E site frameshift window that the presence of a tRNA at the codon UAU. For the second mRNA (ϪSD), we exploited E site and probably codon-anticodon interaction at this the degeneration of the genetic code to remove the site prohibits slippage of the tRNAs in the ϩ1 frame and SD-like sequence without changing the amino acid also stable binding of the A site tRNA out of frame. This sequence ( Figure 2A ). The heteropolymeric region of suggests that the occupation of the E site by a tRNA is the mRNA encoding the frameshift window and ten instrumental for maintaining the reading frame and that amino acids upstream was preceded by the sequence modulation of this dependence is exploited for the highly GG(UUC) 12 . The GG is important for efficient T7 tranefficient feedback regulation of the translation of the scription, whereas the following oligo(UUC) permits RF2 mRNA.
priming with AcPhe-tRNA (see below) and efficient translation of the mRNA, as observed previously in an Results and Discussion optimized poly(U)-dependent poly(Phe) system (Dinos et al., 2004).
The SD-Anti-SD Interaction Encroaches
The design of these mRNAs enabled us to monitor the on the E Site Position of the mRNA following in a single reaction: ), i.e., the spacing in these cases would in fact be and also to use tRNA-free enzyme fractions that were only two, rather than the three that had been previously enriched in synthetases via an anion-exchange chromareported (distance to the first position of the P site codon tography and contained no detectable traces of amino when the UGA stop codon is at the A site). This sugacids (see Experimental Procedures for more details). gested to us that the interaction between the two comAnalysis of frameshifting using the in vitro translation plementary sequences would preclude binding of the E of the frameshift window containing mRNAs (Figure 2A ) site tRNA and might therefore facilitate its early release requires that initiation occur upstream of the frameshift from the ribosome. We reasoned that the unusual situawindow and in the correct frame, thus ensuring that the tion arising from the premature release of the E site frameshift site is translated in a physiological manner. tRNA, namely a ribosome bearing only a single tRNA, Since the in vitro system is primed with AcPhe-tRNA Phe , the peptidyl-tRNA, at the P site, might be very unstable it was necessary to determine whether priming occurs and thus be susceptible to slippage into the ϩ1 frame at the first UUC located at the 5Ј end of the mRNA, in (as illustrated in Figure 1) . In order to test this hypothesis, which case the frameshift site would be read in the we established an in vitro translation system capable of correct frame, or whether binding of the AcPhe-tRNA monitoring both the efficiency of frameshifting as well occurs either (1) at an out-of-frame UUC codon located as the occupation by deacylated-tRNA at the ribosomal within the mRNA (either up-or downstream of the frameshift window) or (2) within the frameshift window E site. priming AcPhe residue. This demonstrates that indeed K.H.N., unpublished data). This also suggests that 70S ribosomes favor initiation at the end (presumably 5Ј) of AcPhe-tRNA initiates translation only at the first UUC codon at the 5Ј end of the mRNA, since only in this the mRNA. In the second set of control experiments, translation manner can translation of the 11 following UUC codons occur ( Figure 2A) . If initiation at any of the downstream of the ϩSD-mRNA was repeated, but now the molar ratio of fMet/Gly, and in a parallel experiment AcPhe/ UUC/UUU codons or at an out-of-frame UUU codon within the frameshift window was taking place, then the Gly, incorporated into the synthesized oligopeptide was assessed. Since there is only one Gly codon in the 0 Phe/AcPhe ratio should not reach 11.
The fact that translation initiation using AcPhe-tRNA frame upstream of the stop codon and two Gly codons in the other two reading frames, then, if initiation were occurs at the 5Ј end of an mRNA is consistent with the observation that, when the location of 70S ribosomes to occur in the 0 frame, only a single Gly should be incorporated per synthesized oligopeptide. To verify bound to poly(U) in the presence of AcPhe-tRNA was determined using electron microscopy, almost all the this, translation was initiated with fMet-tRNA, for which there is only a single unique AUG codon in the 0 frame mRNA bound ribosomes were found at one end of the poly(U) strand. In contrast, under the same conditions (Figure 2A ), located downstream of the poly(UUC) but upstream of the frameshift window, and the ratio of fMet/ but in the presence of 30S with the subsequent incubation with 50S subunits, 70S ribosomes were evenly disGly was determined. Consistent with initiation in the 0 frame initiation, a ratio of fMet/Gly of ‫0.1ف‬ was found tributed over the entire poly(U) strand (A. Bartetzko and and found to be ‫0.1ف‬ (Table 1) . Collectively, the results of Figure 3A and Table 1 demonstrate that ribosomes primed with AcPhe-tRNA initiate in the 0 frame upstream of the frameshift window and translate through all 11 per hour; Adamski et al., 1994). As seen in Table 2 , almost half ‫)%54ف(‬ of the translating ribosomes frame-UUC Phe codons as well as the Gly codon (GGG/C in the ϮSDmRNA, respectively) to reach the frameshift shifted on the ϩSD-mRNA in the presence of the RF2. In contrast, low-level frameshifting (13%) was observed window.
The final control experiments were performed to test when the SD sequence was absent (ϪSD-mRNA). In the next experiment, we performed translation of the ϩSD-whether the synthetase fraction, which was derived from an S100-enzyme preparation, contained significant levmRNA but replaced RF2 with a very high concentration of the noncognate RF1 (a molar ratio RF1:70S of 2), i.e., els of the termination release factor RF2 or other posttermination factors that might dissociate the ribosomes noncognate to the UGA stop codon in the frameshift window, since RF1 terminates translation at UAG and following the action of RF2. The presence of endogenous RF2 in the synthetase fraction could reduce or even UAA. As expected, no influence on the frameshifting efficiency was observed, with the frameshifting level prevent frameshifting in our system, since termination at the UGA stop codon would be favored over frameshiftof ‫%001ف‬ being comparable to that observed in the absence of any release factor (Table 2) . Again, this ing. In order to quantify the amount of endogenous RF2 present in the synthetase fraction, Western blotting exclearly demonstrates the physiological competence of the in vitro system applied. periments were performed with polyclonal antibodies raised against RF2. Figure 3B shows that the synthetase-enriched fraction was practically free of RF2. We
The Relationship between SD-Anti-SD Interaction, Frameshifting, and Release of E-tRNA quantified a maximum of 5 pmol of RF2 per 100 l of synthetase fraction, which correlates with a maximal To monitor the influence of the SD-anti-SD interaction on the efficiency of both frameshifting and E site tRNA contamination of 0.075 pmol RF2 per assay-a negligible amount, considering that the first significant effect release, we performed translation of the ϩSD-and ϪSD-mRNAs in the presence and absence of [ ribosomes that were translating the ϪSD-mRNA had an E site tRNA, whereas no tRNA was present at the E site of to promote efficient ribosome recycling and dissociation into subunits following the action of RF2 in our frameribosomes translating the ϩSD-mRNA. This immediately suggested that, indeed, the presence of the SD-anti-SD shift assay.
In order to test the specificity of the in vitro system, interaction promoted release of the E site tRNA rather than the manifestation of the frameshift via incorporation translation of the ϮSD-mRNAs (Figure 2A ) was performed in the presence of a molar ratio of 0.5 RF2 per of Asp. This is consistent with the observation in Figure  3C , where it is shown that most ribosomes ‫)%07ف(‬ ribosome, i.e., the molar ratio that has been measured in vivo over a range of growth rates (0.5-1.5 doublings translating the ϩSD-mRNA in the absence of Asp were release of the deacylated-tRNA from the E site, then we reasoned that increasing the spacing between the SDlike sequence and the E site by moving the position of the SD in the 5Ј direction should alleviate the steric clash and prevent E-tRNA release. Furthermore, if E-tRNA release is coupled to frameshifting, then we should also observe a concomitant loss of frameshifting. To address this, we constructed a further series of mRNAs, Ϫ2SD-mRNA and Ϫ6SD-mRNA, in which the SD-like sequence was moved upstream in the 5Ј direction by two and six nucleotides, respectively (Figure 5, left) . We then performed translation in the presence of [ 14 C]Asp and monitored the occupation of the E site and the efficiency of frameshifting. As seen in Figure 5 (right half at 37ЊC), very low levels (4%-16%) of frameshifting were observed when the SD-like sequence was absent (ϪSDmRNA) or had been shifted upstream by two or six nucleotides (Ϫ2SD-and Ϫ6SDmRNAs, respectively). 
shifting efficiency was observed (incubation at 37ЊC).
We suspected that the E-tRNA was in fact still present during translation of the Ϫ2SD-mRNA, explaining the not receptive to RF2 action, suggesting that they had lower efficiency of frameshifting, but the proximity of already released the E-tRNA and therefore were able to the SD sequence was close enough to exert a weakening undergo a ϩ1 frameshift event now displaying the Asp effect on tRNA binding at the E site such that the E-tRNA codon at the A site. In contrast, when the SD was absent, was lost subsequently from the E site during the 15 min RF2 released the bound oligopeptide from 80% of the incubation at 37ЊC. If this assumption were correct, we ribosomes, demonstrating that no frameshift had ocreasoned that we might have a chance to detect the curred.
E-tRNA when we perform the assay at a lower temperaWhen the experiment was repeated, but now with ture of 30ЊC instead of 37ЊC. Indeed, performing the the addition of [ to provoke a frameshift. Rather, the distinct frameshift ( Figure 5 , upper left panel) that full occupancy ‫)%001ف(‬ window of the RF2 mRNA together with the properly of the E site with a deacylated-tRNA is accompanied placed SD sequence is essential for the high-efficiency by a negligibly low frameshifting. This striking reverse ϩ1 frameshift. correlation between E site occupation and frameshifting These results might also explain why a greater spacmeans that the presence of the E-tRNA correlates with ing in the canonical SD sequences found in the 5Ј unthe absence of a frameshift, whereas an empty E site translated region of most bacterial mRNAs is necessary correlates with a highly efficient frameshift event.
for optimal initiation, since closer spacing may impair binding of the initiator fMet-tRNA to the start codon at The Spacing of the SD-like Sequence Is Critical the ribosomal P site. In addition, we propose that the SD, for High-Efficiency Frameshifting as well as promoting the ϩ1 frameshift, also prevents a If the steric clash between SD-anti-SD and the codonmovement in the Ϫ1 direction. This would mean that the SD sequence is preferentially supporting the moveanticodon interaction at the E site is responsible for ment in the ϩ1 direction. The results in Figure 3C sugwhether frameshifting causes loss of the E site tRNA. To address this fundamental question concerning the gest that this may be achieved due to the very short spacer between SD and the P site codon so that the mechanism of frameshifting and reading-frame maintenance, we took an alternative approach, in which dipep-SD sequence pulls on the mRNA. In these experiments, we determined the amount of labeled peptidyl residues tide formation was monitored within a minimal model frameshift window in the presence and absence of an comigrating with the 70S ribosomes. When the mRNA lacked a SD sequence, the addition of RF2 led to an E site tRNA. In addition, this minimal system enables us to separate the SD effect from the frameshift event, almost quantitative release of the oligopeptides, whereas, in the presence of the SD sequence, the peptides were since we can generate an artificial situation in which the E site tRNA is absent despite the lack of a SD sequence. only partially removed. A likely explanation is that, after release of the E-tRNA, the SD does indeed pull the To this end, ribosomes were programmed with the mRNA, thus impairing the recognition ability of RF2.
YLstop-mRNA (that lacked a SD-like sequence as seen After the E-tRNA is released, the SD sequence prevents in Figure 2B ) and AcLeu-tRNA at the P site, which places a frameshift into the Ϫ1 direction and fosters a shift into a UGA stop codon at the A site. In this situation, the the ϩ1 direction.
AcLeu-tRNA is amenable to slippage into the ϩ1 frame in an analogous fashion to that which occurs at the RF2 frameshift site. complex was then added, and the formation of dipeptide Up until now, we have demonstrated that the occupancy AcLeu-Asp was monitored by HPLC. Since the Asp coof the E site is inversely coupled with the efficiency don GAC is in the ϩ1 frame with respect to the Leu of frameshifting (Figure 4) and that the short spacing codon in the P site, formation of the dipeptide can only between the SD-like sequence and the first codon of P occur when the ribosome makes a ϩ1 frameshift. To site codon is responsible for release of the E-tRNA (Figanalyze the effect of the E-tRNA on dipeptide formation, ure 5). However, using this system, we are unable to the experiment was conducted with and without an E conclusively demonstrate whether the release of the site occupied by deacylated-tRNA
Tyr . E-tRNA causes the ribosome to frameshift or whether loss of the E-tRNA is the result of frameshifting, i.e., Figure 6A shows the relative elution positions of Asp, Leu, AcPhe, and AcLeu from the HPLC column. The absence of both an E-tRNA and the SD sequence leads to a frameshift event not higher than 25% upon A site formation of dipeptides such as AcLeu-Asp and AcPheAsp can be well separated from the corresponding occupation, suggesting that the SD sequence, with its extremely short spacer of two nucleotides, promotes AcLeu and AcPhe, respectively (as seen by comparison of Figure 6A with Figures 6B and 6D, respectively) . When frameshifting in the ϩ1 direction, provided the E-tRNA had been released. dipeptide formation on the YLstop-programmed ribosomes was monitored in the absence of E-tRNA, ‫%52ف‬
To ensure the specificity of the results, a control YFstop-mRNA was constructed where the P site Leu of the AcLeu-tRNA bound to the P site was shown to react with Asp-tRNA binding in the ϩ1 frame, producing codon CUU was replaced with the Phe codon UUC (Figure 2B) , which enables the AcLeu-tRNA to be replaced the dipeptide AcLeu-Asp ( Figure 6B ). The AcLeu-AsptRNA Asp bound at the A site was stable, since it could with AcPhe-tRNA at the P site. Since the latter cannot slip into the ϩ1 frame (it cannot re-base pair with the be detected on the ribosomes by nitrocellulose filtration (data not shown). In contrast, the presence of the deacylSer codon UCU), this controls for the situation in which dipeptide formation occurs via "out-of-frame" binding ated-tRNA Tyr in the E site (POST state) completely prevented formation of any detectable dipeptide, either on of the Asp-tRNA. Using this YFstop-mRNA, AcPhe-tRNA was bound to the P site (P i complex). The puromycin the ribosome or in the total fraction ( Figure 6C ). This convincingly demonstrates that an occupied E site prereaction indicated that the AcPhe-tRNA was quantitatively at the P site. Upon addition of ternary complex vents frameshifting and that removal of the E site in the RF2 mRNA is prerequisite for the highly efficient [
14 C]Asp-tRNA·EF-Tu·GTP, no traces of Asp were found on the ribosome; however, a small but significant fracframeshift event. However, in the minimal system, the tion of AcPhe-Asp dipeptide was present in the total achieved during translation of the RF2 mRNA makes use of the importance of the E site: the SD sequence, reaction mixture of the P i complex (Figure 6D ), i.e., it was exclusively found in the supernatant rather than in with its extreme short spacer, removes the E-tRNA and thus paves the way for the ϩ1 frameshift. the ribosome pellet (data not shown). Obviously, even if the P-tRNA cannot undergo a frameshift, as in the E-tRNA was not specifically bound to this site with respect to the E site codon but rather was copurified with by which the extremely high-efficiency ϩ1 frameshift is
